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1. INTRODUCTION 
The objec t ive  of thiB research has been t o  datermfno the feasibility 
of u t i l i z i n g  t h i n  f i l m  devices as oxygen p a r t i a l  p ressure  sensors i n  t h e  
0 t o  300 ~ t l l ~ .  Hg pressure  range. A second ob jec t ive  has been t o  determine 
the  advantages and disadvantages of  t h i n  f i l m  sensors with respec t  t o  
conventional designs. 
Three t h i n  f i lm  techniques have been studied: (1) galvano-diffusion 
e f f ec t ,  (2) conductance modulation, and (3) cont ro l led  oxidation. 
The galvano-diffusion e f f e c t  occurs i n  c e r t a i n  metal-dielectric-metal  
s t ruc tu res  as a r e s u l t  of i on ic  d i f fus ion  i n  t h e  dielectric. An elec- 
t r i c a l  po ten t i a l  is  generated between t h e  metal e lec t rodes  which is a 
function of t h e  oxygen pressure t o  which t h e  device is exposed. This 
phenomenon has been s tudied  i n  configurations u t i l i z i n g  a v a r i e t y  of 
metals and dielectric materials. 
The conductance modulation techniques f o r  u t i l i z i n g  t h i n  fi lms as 
oxygen p a r t i a l  pressure sensors i s  based on t h e  f a c t  t h a t  t h e  conductance 
of  certair. t h i n  films i s  a function of t h e  oxygen p a r t i a l  p ressure  to 
which the  films are exposed. 
and d i f fus ion  i n t o  t h e  f i lm  can influence t h e  electrical proper t ies  of 
Both adsorption of oxygen onto t h e  su r face  
the f i lm  material. Thin fi lms of gold, hafnium, zirconium, titanium, 
and nickel have been s tudied  with respect t o  t h e i r  usefulness as  oxygen 
partial  pressure sensors.  
The t h i r d  t h i n  f i lm  technique which has been s tudied  is t h a t  of  
oxygen yressure dependent oxidation of fi lms. 
the insu la t ion  proper t ies  of metal oxides as w e l l  a s  t h e  pressure  depen- 
dent oxidation rate. Here t h e  e l e c t r i c a l  r e s i s t ance  of t he  f i l m  is 
This technique u t i l i z e s  
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changed by a physical reduction in t h e  thickness of the conducting 
metal film. 
O f  the three techniques studied, the conductance 
utilizing gold as the f i l m  material has been found to 
promising technique. 
modulation method 
be the most 
* 
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2. GALVANO-DIFFUSION EFFECT 
The generation of e voltage i n  a metal-dielectric-metal  s t ruc tu re ,  
which is l imi ted  by a d i f fus ion  mechanism, w i l l  be c a l l e d  t h e  galvano- 
diffusion e f f ec t .  
It has been found experimentally t h a t  t h i n  f i lm  meta l -d ie lec t r ic -  . 
metal sandwiches behave s imi l a r  t o  galvanic cells i f  t h e  proper mater ia l  
combinations are used and t h e  device is operated a t  an elevated ternpera- 
t u r e  i n  an oxidizing environment. 
between the two metal e lec t rodes  and the s h o r t - c i r c u i t  cu r ren t  are each 
functions of t he  oxygen p a r t i a l  pressure to which t h e  devices are 
exposed. 
‘process, and requi res  an oxidizing metal and a nonoxidizing metal separated 
The open c i r c u i t  voltage produced 
The mechanism involves both a chemical r eac t ion  and a d i f fus ion  
by a d i e l e c t r i c ,  
exp e r  imenta 1 l y  . 
tative agreement 
2.1 Discussion 
The phenomenon has been s tudied  both t h e o r e t i c a l l y  and 
A theo re t i ca l  model has been developed which is i n  qua l i -  
with experimental r e s u l t s .  
Galvano-diffusion i s  a phenomenon which occurs as t h e  r e s u l t  of 
ionic di f fus ion  through a t h i n  insu la t ing  f i l m  and r e s u l t s  i n  a s e l f -  
generated electrical poten t ia l .  In p r i n c i p l e  the  phenomenon is simple 
and easy t o  understand. Consider an in su l t a ing  f i lm  which has  t h e  
properties of being a poor electron conductor while simultaneously 
being a good ion ic  conductor (conductor of  oxygen ions f o r  example). 
If the two s ides  of the  f i lm  have d i f f e r e n t  i on  concentrations, ions  
will d i i l u s e  through the  film. Since the  f i l m  is a poor e l ec t ron  
. 
Y 
Y 
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conductor, a charge w i l l  accumulate on the  surfaces of t h e  f i lm  as a 
r e s u l t  of t h e  ion ic  diffusion. 
In t h e  absence of any means for the flow of e lec t rons  t o  n e u t r a l i z e  
the  ion ic  charge between the two s i d e s  of t h e  film, an electric f i e l d  
w i l l  be s a t  up across t h e  f i lm  opposing the i o n i c  cur ren t .  
time, the field will bu i ld  up to t h e  point where 30 fon ic  ruzr9nt w i l l  
flow. If, however, a n  e l e c t r i c a l  conductor is  a t tached  t o  t h e  two 
s ides  of t he  f i lm o r  if the  f i l m  i s  leaky, an  e l ec t ron  cu r ren t  w i l l  
flow through the  conductor t o  compensate for t h e  ion ic  cu r ren t ,  
case where the re  is  no e lec t ron  leakage through t h e  i n s u l a t o r  film, 
the  external e l ec t ron  cur ren t  in steady state w i l l  exac t ly  equal t h e  
ion ic  current.  
After a long 
In the 
I 
The above processes can occur n a t u r a l l y  i n  the oxida t ion  of metals 
when t h e  m e t a l  oxide i s  an  insu la tor .  
metals t h a t  form p ro tec t ive  oxides i n  oxidizing environments. Aluminum 
i s  a common example. 
insu la tor  i n t e r f a c e  removes oxygen ions and thereby creates an oxygen 
ion concentration gradien t  across the fi lm, As t h e  oxide f i lm  increases  
i n  thickness t h e  e l ec t ron  conduction i s  reduced which allows a f i e l d  
t o  be generated f i n a l l y  stopping the process. 
This i s  p a r t i c u l a r l y  t r u e  i n  
In t h i s  case the  oxidation occurring a t  t h e  m e t a l -  
The galvano-diffusion process can be formulated a n a l y t i c a l l y  by 
considering Poisson's equation, the  cont inui ty  conditions,  and t h e  
usual macroscopic d i f fus ion  equation f o r  t h e  i o n i c  d i f fus ion .  
r e su l t s  i n  a system of  nonlinear coupled p a r t i a l  d i f f e r e n t i a l  equations. 
To fornu&. t e  the  equations f o r  t h e  general case w i t h  a t i m e  dependent 
This 
thickness, consider a t h i n  d i e l e c t r i c  of thickness L(t) .  Let x be 
-5- 
. i  the  d i r ec t ion  perpendicular t o  t h e  plane of t he  f i l m .  
equations t o  be solved are: 
The system of 
I 
L 
- i  
2 
f ion ic  p a r t i c l e  current  density (number/sec*cm ) - 1  Ji 
8 p = nmbili ty of t h e  ions 
~ f 
I V  
P I I) = di f fus ion  coef f ic ien t  
E = electric f i e l d  a t  any point i n  t h e  f i lm 
t = t i m e  
q = charge per ion 
E = d i e l e c t r i c  constant of film 
c a(0 , t )  = surface density of  the i ons  a t  x = 0 (number/cm 2 ) 
i 
I 
i a(L(t) , t )  = surface density of ions a t  x =I L ( t )  
The i n i t i a l  and boundary conditions which are required a r e  a(O,O), i 
C(0,O) and C(L(O),O). 
steady state (neglecting t r ans i en t  conditions) homogeneous f i e l d  case. 
This r e s u l t  for t h e  ion ic  p a r t i a l  current i s  
Fromhold 11) has  solved t h i s  problem for the 
C(L( t ) , t )  - C(0,t) exp(-EpI,( 
Ji(t) = -@ [ 1 - exp(-EpL(t)/D) 
i 
f -  
i . -6- 
f 
I -  
c 
3 1 s  so lu t ion  neglec ts  any space charge e f f e c t s  due t o  t h e  ion ic  charge 
i n  t h e  in su la to r .  Although the  above so lu t ion  w a s  derived s p e c i f i c a l l y  
for describing the oxidation of metals, it  can be ured to  darcribe tha 
galvano-diffusion e f f e c t .  
For t h e  present  purposes it w i l l  be assumed that the i o n i c  concen- 
As previously mentioned, there are two t r a t i o n  is independent of t i m e .  
important l imi t ing  cases; (1) E = 0 and (2) Ji = 0. Actually both of 
these  cases can be solved very simply from Eq. (1) without taking t h e  
limits i n  Eq. ( 6 ) .  Consider case (1) f i r s t ,  If << 1, then 
Eq. (6) reduces t o  
C(L(t)) - C(0) 
L (t) 
Ji = -D 
Note t h a t  C(L(t)) is independent of time although t h e  f i lm  thickness 
L is  a function of t i m e .  This low f i e l d  condition can be a r r i v e d  a t  
physically by connecting a good e lec t ronic  conductor t o  t h e  two sides 
of t h e  f i lm (E = 0). 
c i r c u i t  is  exactly equal t o  t h e  ion ic  cur ren t .  
When t h i s  is done t h e  cur ren t  i n  t h e  ex terna l  
Denoting the curren t  
with zero f i e l d  as t he  sho r t - c i r cu i t  cur ren t  I it becomes 
SC’ 
where A is  t h e  area of t h e  film. 
The temperature dependence of I 
dependence of  t h e  d i f fus ion  coe f f i c i en t .  
temperacure as follows 
is t he  same as t h e  temperature 
Typically I) is r e l a t e d  t o  
SC 
-E /kT D = D , e  a 
9 ( 9 )  
i 
* .  
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where Do is a constant and Ea is  t h e  ac t iva t ion  energy, Using t h i s  
becomes relationship, I B C  
or 
where Voc is  t h e  open-circuit  voltage. 
across the  f i lm is  d i r e c t l y  proportional t o  temperature. 
external vol tage is independent of f i lm  thickness. 
This s h w s  t h a t  t he  vol tage 
Further t he  
The open c i r c u i t  case is  v e r y  d i f f i c u l t  i f  not impossible t o  obtain 
experimentally s ince  most i on ic  conductors a r e  to  some extent  e lec t ron  
conductors. 
rea l ized  physically.  Shown i n  Fig. 1 is an equivalent c i r c u i t  fo r  
t he  film. It is  proposed t h a t  t h e  f i lm  can be represented by four  
I f  t he re  is  any electron leakage, Voc w i l l  never be 
p a r a l l e l  elements (current generator, leakage r e s i s t o r ,  diode, and 
capacitor) i n  series with a r e s i s to r .  
ion ic  current .  
offered by the  sample, t h e  diode is shown t o  account f o r  nonsymuetric 
elect-onic b a r r i e r s  t h a t  could occur and the capacitance is  obvious. 
The series re s i s t ance  could r e su l t  from such things as contact  resis- 
tance,  I n  t h e  i d e a l  case only G and C appear with Rs - 0 and 
The current  generator is  t h e  
The leakage r e s i s t o r  i s  t h e  e l ec t ron ic  res i s tance  
-8- 
8 
Current Generator 
Diode 
b - 
1 External Circuit 
Fig, 1. Proposed Equivalent Circuit for the Dielectric Film 
. 
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- 00. Neglecting the  diode and capaci tor ,  t h e  open-circui t  Rleakage 
voltage from the equivalent c i r c u i t  and Eq. ( 6 )  i s  
It can be seen from Ea_. (13) t h a t  the leakage resietance red~cee  the 
open-circuit voltage.  
approaches zero as expected, 
oc I n  the  limit as Rleakage approaches zero V 
Consider the  p r a c t i c a l  case where the  in su la to r  is  a t h i n  layer  
of metal oxide grown on t he  parent metal such as aluminum oxide (A1203) 
grown on aluminum. I f  t h e  d i e l e c t r i c  thickness is small, then the oxide 
will continue t o  grow i f  the sample is exposed t o  an oxygen environment. 
Here the  ionp are oxygen. Assume for the  present  t h a t  C ( 0 )  and c ( L ( t ) )  
are  constant and f ixed by the  environment and oxidat ion process respec- 
.* 
t ively.  
Eq. ( 8 ) .  
oxide thickness by oxidizing t h e  metal. 
ion current by 
I n  the  sho r t - c i r cu i t  case, t he  ex terna l  current  is  given by 
Ions t h a t  d i f fuse  through t h e  oxide cause an increase i n  the  
The thickness is r e l a t ed  t o  
a - R Ji(t) , dt 
where R i s  the  volume of oxide formed per e lec t ron  t h a t  flows i n  the  
external c i r c u i t ,  Solving Eqs. (8) and (14) f o r  the shor t - c i r cu i t  gives 
I(0 
ISC = J* ’ 
- 10- 
where I(0) and L(0) a r e  the  current  and thickness a t  t = 0 ,  
(14) and (15) it  is seen t h a t  
From Eqs. 
where k is  a r a t e  constant independent of time and thickness.  Thio 
means the  oxide growth is parabolic which is common i n  the  oxidation 
of many mater ia ls .  The time dependent thickness i s  then, from Eq. (16) 
The preceding treatment of the galvano-diffusion e f f e c t  ha8 been 
based on the  assumption t h a t  no space charge e f f e c t s  are important. 
pract ice  t h i s  may be a poor assumption. 
I n  
I f  such e f f e c t s  a r e  important 
the so lu t ion  is d i f f i c u l t  t o  obtain.  Fromhold has t r ea t ed  some of the  
oxidation problems when space charge e f f e c t s  a r e  important 121. Also 
t rans ien t  e f f e c t s  f a l l  i n to  much she same category a s  space charge e f f e c t s  
i n  t rying t o  describe the e f f e c t .  
The galvano-diffusion e f f ec t  can be u t i l i z e d  a s  an oxygen p a r t i a l  
pressure sensor. A cross  sec t ion  of t he  t h i n  f i lm system used f o r  this 
purpose is shown i n  Fig.  2. The s t ruc tu re  is a metal-dielectric-metal  
oxide-metal sandwich. The purpose of the '  nonoxidizing metal, M', between 
the  environment and t h e  d i e l e c t r i c  i s  twofold; (I) t o  provide fo r  elec- 
t r i c a l  contact and (2) t o  a c t  as a a u p p l i e r  of oxygen. The purpose of 
the oxidizable metal, M, is t o  provide a sink for  the oxygen ions t h a t  
d i f fuse  through the  d i e l e c t r i c  and thereby maintain an ionic concentra- 
t ion gradient across the  d i e l e c t r i c .  
- 11- 
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A metal oxide l aye r  M 0 i s  showr. between the  d i e l e c t r i c  and metal 
M. This metal oxide may or  may not be the  same material as the  d ie lec-  
t r i c .  
metal oxide i n  t h i s  case could a l s o  be  oxidized aluminum. In o the r  
cases t h e  d i e l e c t r i c  might be evaporated s i l i c o n  monoxide and the metal 
oxide aigbt be e:iiIiifnm oxiCe (an i w o l s t o r )  or asngenese oxide (a e m -  
ductor). 
X Y  
For example, the  d i e l e c t r i c  could be oxidized aluminum and t h e  
The e l ec t ron ic  cur ren t  which the sensor is capable of de l ive r ing  
to an external c i r c u i t  is limited by several mechanisms: 
1. The r a t e  a t  which oxygen i s  adsorbed onto the  sur face  of  the 
nonoxidizing metal electrode. 
The rate a t  which oxygen diffuse6 through t h e  nonoxidizing 
e lec t rode ,  
The rate a t  which oxygen ions a r e  produced a t  i n t e r f a c e  1. 
The r a t e  a t  which oxygen ions d i f fuse  through t h e  in su la to r .  
2,  
3 .  
4. 
5,  The r a t e  of oxidation a t  t h e  ox id izable  electrode. 
In  order fo r  t he  sensor t o  be s e n s i t i v e  t o  oxygen p a r t i a l  pressure,  a t  
least one of t he  above processes must be a function of t h e  environmental 
oxygen p a r t i a l  pressure.  
Consider the  f i r s t  of the  above processes. There have been many 
theories proposed f o r  t h e  adsorption of gas a t o m  and molecules on t h e  
surface of materials [3]. Without considering p a r t i c u l a r  materials 
and par t icu lar  gases, it is p r a c t i c a l l y  impossible t o  descr ibe  i n  d e t a i l  
the adsorption. 
that of Lt,,igmiur [4]. This theory relates the  volume adsorbed, V, t o  
the absolute pressure of t h e  gas, P, as follows: 
The most common theory f o r  monolayer absorption is 
* 
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shere b and Vs are constants depending on the  material and temperature. 
The Brunauer-Emmett-Teller theory (BET) [SI i s  
The equation used theory of mult i layer  adsorption. 
is 
v cx IW-1 
1 - x  ntl 
v = -  S 1 - (n + l>xn 4 nx 
1 + (c - l )x  - cx 
t h e  most commonly 
for a free su r face  
where x = P/Po and C, V 
Here n i s  the  number of layers .  
Eq. (18) fo r  monolayer adsorption. 
have been derived from s ta t is t ical  considerations. Consequently they 
give l i t t l e  information on the  physics of t he  in t e rac t ions  of t h e  gas 
P are constants a t  any given temperature. 
S' 
I f  n = 1, Eq. -(19)'reduces t o  t h a t  o f  
Both the  Langmiur and BET equations 
atoms with the  sur face  and the  adsorber s i t e s .  
The second l imi t ing  f ac to r  i s  the d i f fus ion  of oxygen through the  
nonoxidizing electrode. 
a8 atomic or  molecular d i f fus ion  (nonionic), Eq. (1) can be used with 
E - 0, i . e . ,  
Since t h i s  diffusion probably takes place 
ox aC 
ox = - D o x a x  
where t h e  subscr ip t  ox denotes oxygen atoms. 
t ra t ion  gradient g ives  
Assuming a l i n e a r  concen- 
. 
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where %/ is  the  thickness of MI. 
be reasonable s ince  M’ i n  general w i l l  be a very t h i n  layer .  Co(0) is  
equal t o  V i n  Eqs. (18) and (19). 
The above assumption is expected t o  
The concentration of oxygen ions at i a t e r f a c e  1 ( i tem 3) I s  expected 
t o  be proport ional  t o  the concentration of oxygen atoms a t  t he  in te r face .  
The rate crf s q p l y  og volrld be l i d t e d  by the concp-n,trstion of at on^^ 
Item (4) is the  galvano-diffusion which has a l ready been discussed. 
I f  the metal oxide is an insu la tor ,  the same theory holds as t h a t  f o r  
tfie d i e l e c t r i c .  I f  t h e  oxide i s  a conductor t he  process is  the  same 
as for the  nonoxidizing electrode. Item ( 5 ) ,  the  chemical reac t ion  
r a t e  is assumed to not l i m i t  the  other processes. 
The above discussion should not  be taken a s  a complete treatment 
of the indicated processes. 
some ins ight  i n t o  the  magnitude of the problem. 
cussion of the  individual  processes fur ther  would requi re  a much de ta i l ed  
study of pa r t i cu la r  mater ia ls  and t h e i r  combinations. Much of the  infor -  
mation required for  a de ta i led  treatment i s  not ava i l ab le  and is not 
within the limits o f  t h i s  work. 
It is intended t h a t  the information provide 
To continue the  dis- 
From the  l imited discussions given it is, however, poss ib le  t o  
reach some q u a l i t a t i v e  conclusions. 
it can be seen t h a t  t h e  external shor t - c i r cu i t  cur ren t  of t h e  p r a c t i c a l  
system is a function of t he  oxygen p a r t i a l  pressure.  
by successively solving f o r  t h e  concentrations a t  each i n t e r f a c e  in 
the systdm, 
By combining the  several processes, 
This is obtained 
The L:perimental discussion which follows considers a v a r i e t y  of 
materials which have been s tudied using the  system presented above. 
- 15- 
2.2 Experimental Techniques 
Two d i f f e ren t  types of experimental test s t a t i o n s  were constructed; 
the primary purpose of which w a s  t o  control t h e  temperature and envfron- 
rnent of the  test samples. 
temperature t o  1000°C and environments could be changed from air t o  
argcr?, cxygea, heli-m, =itr=gz=, or czr3os; dioxids ar any yercentagee 
of these.  
Temperature could be control led from room 
Figure 3 shows a Bevi-Duty type 70-T tube oven, a Barber Colman 
model 293 temperature con t ro l l e r ,  and a Fischer and Por t e r  flow meter. 
Inside the  tube oven w a s  a 24 inch length of  pyrex g l a s s  tube covered 
by brass tubing, f o r  e l e c t r i c a l  ground and hear d i s t r ibu t ion .  A chromel- 
alumel thermocouple w a s  placed next t o  t h e  hea ter  c o i l s  of the  oven 
and connected t o  the  temperature cont ro l le r ;  temperature control  was 
+ 1 O C .  The various gases were supplied from compressed gas bo t t l e s .  
The gas flow r a t e  was control led by gas regulator  and needle valves, 
Fischer and Por te r  flow meters were used t o  monitor flow r a t e  from 
the bo t t l e s  t o  and through the pyrex tube i n  the  oven. 
to ta l  gas flow r a t e  ranged from 100 t o  300 cc/min. The t o t a l  gae 
pressure w a s  one atmosphere s ince  the flow was low and one end of t he  
- 
Ordinarily,  
tube was open t o  the  atmosphere. 
Figure 4 shows an environmental - chamber. Heat is supplied t o  the  
chamber by Matlow Firerod heaters ,  and temperature was control led by a 
chromel-alumel thermocouple connected to a Barber-Coleman -del 293 
temperature cont ro l le r .  
and clamped down. 
A slnall b e l l  jar w a s  placed over the base p l a t e  
Needle-valves control led the  en t ry  and e x i t  of gaees 
. 

3 
I .  
# 
-17- 
. 
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within t h e  chamber. 
ments (grea te r  than one atmosphere) o r  vacuum p a r t i a l  pressure measure- 
ments. 
The chamber provided fo r  e i t h e r  pressure  measure- 
In order t o  f ab r i ca t e  the  galvano-diffusion s t r u c t u r e ,  vacuum 
evaporation techniques were u t i l i zed .  For t h e  oxidizing m e t a l  electrode, 
variaii6 iaetals %era av-iipsratcd such as z>mdz*m, Isad, copper, silver, 
manganese, and bismuth; standard techniques were used f o r  evaporation 161. 
For the  d i e l e c t r i c s ,  an R. D .  M a t h i s  oven w a s  used f o r  t h e  evaporation 
of s i l i c o n  monoxide and a molybdenum boat was used f o r  t h e  evaporation 
of magnesium fluoride.  
s i l v e r  were evaporated from tungsten filaments. 
i n  t h e  pressure range o f  10'' t o r r .  
For t h e  top  e lec t rode  gold, manganese, . .  and 
Evaporations were made 
I n  most cases t h e  e n t i r e  sample 
was fabricated without breaking vacuum. 
clean subs t r a t e s  on which t o  evaporate. 
Pyrex g l a s s  s l i d e s  and s i n g l e  c r y s t a l  s i l i c o n  wafers. 
cleaning procedure was used to  clean t h e  subs t ra tes ;  
It w a s  necesaary t o  have u l t r a -  
Two types of subs t r a t e s  were used: 
The following 
A. Pyrex S l ides  
1. Scrub s l i d e s  with alconox so lu t ion ,  
2. Place  s l i d e s  i n  alconox so lu t ion  i n  u l t ra -sonic  v i b r a t o r  f o r  
f i v e  minutes. 
3. Rinse s l i d e s  i n  d i s t i l l e d  water. 
4. Repeat s t e p  2. 
5. Rinse s l i d e s  i n  d i s t i l l e d  water and p lace  i n  d i s t i l l e d  water 
i n  u l t r a - son ic  v i b r a t o r  f o r  f i v e  minutes. 
6 .  Rinse s l i d e s  in methyl alcohol. 
7 .  Rinse s l i d e s  i n  tr ichloroethylene,  
n 
0 .  Eoii o i i i k e  iii t ~ i t h k ~ ~ s t t j l ; ~ ~  f = ~  f i e  m(~ct~e. 
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. 
9 .  Rinse i n  methyl alcohol. 
10. Place  s l i d e s  i n  methyl alcohol i n  u l t r a - son ic  v i b r a t o r  fo r  
f i v e  minutes. 
Rinse i n  methyl a lcohol  and s t o r e  i n  methyl alcohol u n t i l  
used. . 
11. 
8 .  S i i i c o n  Wafers 
1. Rinse wafers i n  d i s t i l l e d  water. 
2. Rinse i n  methyl alcohol.  
3. Boil wafers i n  tr ichloroethylene f o r  f i v e  minutes. 
4. Boil wafers i n  n i t r i c  a c i d  f o r  f i v e  minutes. 
5 ,  Rinse i n  methyl alcohol.  
. 6 .  Etch wafers i n  hydrofluoric ac id  f o r  a few seconds. 
7 .  Rinse i n  methyl alcohol.  
8. Rinse i n  d i s t i l l e d  water. 
9. 
I n  each case t h e  methyl alcohol from the  f i n a l  s t e p  i s  dr ied  from 
Rinse and s t o r e  i n  methyl alcohol un t i l  used. 
L.e subs t r a t e  by means of forced h o t  a i r  hea t  immediately before placing 
in the vacuum system. 
Good evaporations were made e i t h e r  by heating t h e  s u b s t r a t e  t o  
200OC o r  leaving t h e  subs t r a t e s  unheated. 
evaporations were measured by an  o s c i l l a t i n g  quartz c r y s t a l  mas8 monitor. 
$e thicknesses of a l l  . .  
- 
Electrical  contac t  was accomplished i n  t h e  tube furnace chamber by 
placing the  sample on a small steel block t o  which was a t tached  gold 
wire probes. Ceramic tubes were used t o  feed t h e  gold w i r e  i n t o  t h e  
oven, 
temperature; t h e  sample subs t r a t e  was i n  thermal contact with t h e  steel 
block. 
A thermo-couple was imbedded in  t h e  steel block t o  measure i ts  
See Pigs. 5 an6 6 .  
L 
F .  
r t . -20 - 
f 
* /  
F i g .  5 .  Photograph of Sample Holder Used in Tube Oven 
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i 
The s h o r t - c i r c u i t  cur ren t  produced by t h e  samples was  measured. 
f i e  i n t e rna l  impedance of most samples w a s  g r e a t e r  than f i f t y  megohms. 
A xewlett-Packard bC micro-vo1t-arnmeter (hp 425 A) with an input 
impedance of one megohmwas used t o  measure the  s h o r t - c i r c u i t  cur ren t  
output 
It i6 iieCe65av fSi t3i3 g&PqXii-dffhEfOZi B q l e 6  to iii&e s lSCtr f -  
cal contact t o  both the  nonoxidizing and the oxidizing electrodes.  
general the  s t r u c t u r e s  were of t h e  c ros s - s t r ipe  type shown i n  Fig. 7. 
I n  
f ie  top e lec t rode  o r  nonoxidizing electrode is  in general  a good 
e l ec t r i ca l  conductor which allows one t o  e a s i l y  make electrical contact.  
The oxidizing e lec t rode  falls i n  a d i f f e r e n t  category however. Since 
it oxidizes i n ' a n  oxygen environment, t h e  p a r t s  not covered by t h e  
d i e l ec t r i c  are lmnediately oxidizedwhen t e s t ed .  I n  cases where t h e  
metal oxide w a s  an in su la to r  i t  was necessary t o  evaporate a nonoxidiz- 
ing  electrode underneath the  oxidizable e lec t rode  t o  make electrical 
contact. Some oxidizing electrodes such as aluminum form pro tec t ive  
oxide layers t h a t  are th in .  
through the  oxide t o  m k e  contact t o  t h e  underlying metal. 
In  these cases probes can be penetrated 
The samples have been c l a s s i f i e d  according t o  t h e  s t ruc tu re .  For 
example, a glass-gold-bismth-silicon mnoxide-gold s t r u c t u r e  has  a 
glasa subs t ra te ,  a gold base metal to make contact t o  the bismuth, a 
biemuth oxidizing electrode, a s i l i c o n  monoxide d i e l e c t r i c ,  and a gold 
nonoxidizing e lec t rode ,  For these  s t ruc tu res ,  as a l l  o the r s  tes ted ,  
the top electrode (nonoxidizable) was found t o  be e l e c t r i c a l l y  pos i t ive ,  
and the buttom (oxidizable) e l e c t r i c a l l y  negative. The r eeu l t e  obtairked 
on varioue s t r u c t u r e s  are discussed i n  t h e  following section. 
- 23- 
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2.2.1 Glass-Aluminum-Aluminum Oxide-Gold 
Samples of A1-A1203-Au were prepared by f i r s t  evaporating a 
thin s t r i p e  of aluminum onto the glass eubstrates .  Following th in  
evaporation, the samples were removed from the  vacuum chamber. A port ion 
of the s t r i p e  w a s  then submerged into an anodizing so lu t ion  of 3% tartaric 
acid. 
0 
The a s d i z i n g  spstm gave approxiwitely 13 14 of oxide per  iolt. 
After anodizing, t h e  sample was again placed i n t o  t h e  vacuum chamber and 
a gold s t r i p e  w a s  evaporated perpendicular t o  t h e  aluminum s t r i p e .  !Zhe 
active area was t h a t  defined by the  area c0-n t o  both the  aluminum and 
go ld .  Typical thicknesses were 1500 A of aluminum, 150 A of aluminum 
oxide, and 1000 A of gold. 
0 0 
0 
The ac t ive  area w a s  approximately 4 square W. 
These samples were t e s t ed  i n i t i a l l y  i n  room a i r  (containing normal 
amounts of water vapor). 
as a function of t i m e  f o r  a typical sample. 
Figure 8 is a p l o t  of the shor t - c i r cu i t  cur ren t  
Comparison of t h i s  data w i t h  
the ana ly t ica l  expression for I (Eq. 15) shows t h a t  there is reasonable 
agreement a f t e r  t he  sample has been i n  operat ion f o r  several hours. 
sc 
I n  
the ear ly  period of operation one would expect that holes  and vacancies 
i n  the oxide would be f i l l e d  along with an annealing of t he  oxide. 
Figure 9 is a p lo t  of self-generated vol tage as a function of 
current delivered t o  the  external c i r c u i t .  Four d i f f e ren t  temperatures 
are  shown. From the data it is seen t h a t  Voc 2.5 x T v o f t s / O C  
and I = 1.8 X exp(-1.3/kT) amps. Each of  these parameters has 
the predicted temperature dependence. 
as a fuactior. of 1/T. 
sc 
Figure 10 is a p lo t  of I n  Isc 
The two curves were obtained from s imi l a r  samples. 
Each of , ' e  samples gave s t r a i g h t  l i ne  p l o t s  and were displaced only i n  
. 
magnitude, 
T - 2OOOC 
1 I I I I 
0 40 80 120 . 160 200 240 
Time (hours) 
Fig. 8. Saort-Circuit Current as a Function of Time 
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As already mentioned the  above t e s t s  were performed i n  room a i r .  
I t  was found t h a t  t he  sho r t - c i r cu i t  current was extremely s e n s i t i v e  
t o  moirturs. Teats  performed i n  control led humidity environment8 of 
Figure 11 N and Ar gave considerable var ia t ion  i n  the  r e s u l t s .  02' 2 
is a typical  p l o t  of a cycling experiment. Note the la rge  t r ans i en t s  
vhich eccrrr the  gas i~ cycled. 
It w a s  concluded t h a t  due t o  the moisture s e n s i t i v i t y  and t o  lack 
of control i n  oxide propert ies  t h a t  a b e t t e r  d i e l e c t r i c  mater ia l  could 
be found fo r  the present purposes. 
2.2.2 Glass-Aluminum-Silicon Monoxide-Gold 
These s t ruc tu res  were made by evaporating a s t r i p e  of aluminum 
onto a g lass  s l i d e ,  then evaporating a square of s i l i c o n  monoxide atop 
the aluminum, and f i n a l l y  evaporating a s t r i p e  of gold on the  s i l i c o n  
monoxide perpendicular t o  and insulated from the  aluminum (see Fig. 7). I 
The material thicknesses which were found t o  produce the  bes t  resu l t s  
were 1000 A of aluminum, 500 A of s i l i c o n  monoxide, and 750 A of gold. 
0 0 0 
I 
These samples were t e s t ed  i n  the tube furnace and found to  exhib i t  ' i  
short-circuit  current  outputs of about one nanoampere per square mn. 
The shor t -c i rcu i t  current  w a s  found t o  depend on the  environment and I I 
temperature. 
Figure 12 shows t h e  current  output versus t i m e  f o r  a t yp ica l  sample 
f o r  d i f f e ren t  gases and mixtures of  gases. 
the sample a t  a temperature of 3OOOC. 
This data was taken with 
Figure 13 shows a sample with 
the same metal and d i e l e c t r i c  thicknesses at 160OC. Upon comparison 1 
of Figs. 12 and 13, it is noted tha t  a t  t he  lower temperature t r ans i en t  I 
-29-  
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effects  a r e  present when the  environment changes, while a t  t he  high 
temperature t r ans i en t  e f f e c t s  a r e  not  present.  
show t h e  tine rceponse of t he  current output due t o  a gas change. The 
rise t i m e s  are on the order of one minute and the f a l l  times a r e  about 
four minutes. 
These f igures  a l s o  
Comparison of these two graphs and other  data on t h i s  
type of sample l e d  t o  the  conclusion t h a t ' t h e  optimum range of tempera- 
ture f o r  maximum oxygen s e n s i t i v i t y  i s  from 25OOC to  300OC. 
The various sho r t - c i r cu i t  current leve ls  a r e  dependent on the  
operating temperature and age of t he  sample. The age of the sample i s  
defined a s  the  t i m e  of ac tua l  use i n  c i r c u i t r y  a t  an elevated tempera- 
ture. This age does not include shelf  l i f e .  The data shown i n  Fig. 14 
is from a sample with an age of 4 days, while Figs. 12 and 13 a r e  for  
samples with ages of 18 days and one day respect ively.  
level of the sample of Fig. 14 i s  high cornpared t o  the  samples of 
Figs. 12 and 13 because of i ts  high operating temperature (27OoC com- 
The current  
pared t o  160°C of Fig. 13) and i t s  s h o r t  age (4 days compared to  18 
days of Fig. 12).  The current  level of the  sample of Fig. 13 is low 
because of low temperature; the  current level of the  sample of Fig. 12 
is low because of i ts  long age. 
2.2.3 Silicon-Aluminum-Magnesium Fluoride o r  S i l i con  Monoxide-Gold 
On these s t ruc tures  two aluminum dots were evaporated on a 
s i l icon subs t ra te  which had been cleaned by the  procedure previously 
describei. 
rated comi,:etely covering one of t he  aluminum dots .  
Following the  dot evaporation e i t h e r  MgF2 or  S i 0  was evapo- 
A gold dot w a s  then 
I 
evaporated on top of t he  d i e l e c t r i c ,  I n  t h i s  case, e l e c t r i c a l  contact I 
1 
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Fig. 15. Top and Cross Sectional V i e w  of Oxygen Sensor Evaporated on 
Silicon Substrate 
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Temperature and environmental t e s t s  were run on these samples i n  
the tube furnace. 
s ens i t i ve  t o  water vapor. 
As indicated by Fig. 16, these samples were very 
The l a rges t  current  output w&e observed 
when the  environment was room a i r  containing water vapor. 
Because of t h i s  extreme s e n s i t i v i t y  t o  water vapor, even a t  
elevated temperatures, t h i s  type of  subs t ra te  and corresponding 
geometry was abandoned. 
subs t r a t e  with a c ros s - s t r ipe  geometry and an evaporated d i e l e c t r i c .  
Emphasis was then placed on using a g l a s s  
2 . 2 . 4  Glass-Aluminum-Silicon Monoxide-Silver 
Previous s t ruc tu res  had been manufactured w i t h  gold, which 
is  nonoxidizable, as t he  top electrode. 
made i n  the geometry of Fig. 7 with 1000 A of aluminum as  the  bottom 
electrode,  500 A of s i l i c o n  monoxide as the  d i e l e c t r i c ,  and 875 A of 
s i l v e r ,  an oxidizable metal, a s  the  top electrode. 
AI-SiO-Ag s t ruc tu res  w e r e  
0 
0 0 
As i n  previous s t ruc tu res  sho r t - c i r cu i t  t r ans i en t  responses were 
obtained a t  room temperature and a t  s l i g h t l y  higher temperatures by 
cycling the environments. However, s teady-state  responses t o  oxygen 
could be obtained only a t  elevated temperatures. I n  t h i s  case, t he  
s t r u c t u r e  exhibited about 20 t o  30 nanoamperes higher sho r t - c i r cu i t  
current output i n  an oxygen atmosphere than i n  any o ther  environment. 
Figure 17 shows the  t r ans i en t  response a t  room temperature. A 
s imi la r  response was a l s o  noted for  the sample a t  160'C. Figure 18 
shows the  current  versus time p lo t  for the same sample a t  37S°C, Notice 
t h a t  only ;t the high temperature of 375OC does this type of s t r u c t u r e  
give a s teady-s ta te  response i n  oxygen, 
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One d i s t i n c t  drawback t o  t h i s  pa r t i cu la r  s t r u c t u r e  is i t s  s h o r t  
l i f e t ime  due t o  t h e  oxidation of  t h e  top e lec t rode ,  
to high texqeraturea,  t h i s  s t r a c t u r e  has a l i f e t i m e  of only about one 
week, Af t e r  t h i s  t ime,  it becomes increasingly d i f f i c u l t  and f i n a l l y  
impossible t o  maintain electrical c o n t a c t  on t h e  silver e lec t rode .  
Af te r  being heated 
2.2.5 Glass-Copper-Silicon Monoxide-Gold 
These s t r u c t u r e s  were manufactured i n  t h e  geometry shown i n  
Figure 19 shows t h e  sho r t  c i r c u i t  response t o  varying p a r t i a l  Fig. 7 .  
pressures of oxygen, argon, and nitrogen. 
s a q l e  behaved similar t o  t h e  Al-SiO-Au s t r u c t u r e ,  
I n  general, t h i s  type of  
A s  can be seen from Fig. 19, the  s h o r t - c i r c u i t  cur ren t  w a s  about 
0.'4 nanoampere i n  oxygen a t  atmospheric pressure as compared t o  about 
0.2 nanoampere fo r  argon and nitrogen a t  t he  same pressure.  
difference i n  cur ren t  output between vacuum and t h e  i n e r t  gases i s  
The 
believed t o  be due t o  sur face  cha rac t e r i s t i c s  of t he  t h i n  films and not I 
to  the galvano-diffusion e f f e c t .  
for t he  Cu-SiO-Au samples was about 2OO0C t o  300OC. 
The range of temperature operation 
2.2.6 Glass-Gold-Lead-Silicon Monoxide-Gold 
These s t r u c t u r e s  were manufactured i n  t h e  c rose - s t r ipe  geometry 
0 
by evaporating a 750 A l ayer  of  gold onto a g l a s s  s l i d e ,  evaporating 
a 1000 A l ayer  of lead congruent t o  t he  gold, evaporating a square of  
0 
s i l i c o n  monoxide over p a r t  of t he  l e a d  s t r i p e ,  and evaporating a l a y e r  
of gold qver t h e  s i l i c o n  monoxide perpendicular t o  t h e  lead. 
layer of  gold was for electrical contact purposes only. 
The first I 
d 
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Figure 20 shows the  shor t -c i rcu i t  current  output versus t i m e  a s  a 
It is seen t h a t  t he  current  output function of various environments. 
is low 
ment t o  an i n e r t  environment i s  small. 
axnps) and t h a t  change in  current  from aa oxygen emiron-  
I n  s t m e  cases t h i s  s t ruc tu re  exhibited sharp t r ans i en t  cur ren ts  when 
exposed t o  oxygen o r  nitrogen from a previous environment. 
peaks w e r e  pos i t i ve  fo r  oxygen and negative for  nitrogen. 
shows t h i s  effect. 
from t h i s  type of s t ruc ture .  
The current  
Figure 2 1  
It was very d i f f i c u l t  t o  obtain consis tent  data 
2.2.7 Glass-Gold-Bismuth-Silicon Monofide-GaId 
These samples were made similar t o  the lead samples discuseed 
i n  the  previous section. 
purposes. 
A layer  of gold w a s  again used for contact 
Figure 22 shows the  current  from t h i s  s t ruc tu re  a s  a function of 
environment and t i m e  a t  a temperature of 240OC. 
s t a t e  current  from the  sample i n  any environment was negative.  
sharp negative peaks were encountered when oxygen w a s  turned o f f .  
is not f u l l y  understood why t h i s  took place.  Although t h e  data fo r  
t h i s  pa r t i cu la r  f igure  w a s  taken a t  24OoC, t h i s  data is typ ica l  fo r  
runs a t  25OoC and 340OC. 
Notice t h a t  t he  steady- 
Also 
It 
Figure 23 shows a p a r t i a l  pressure curve fo r  a sample t h a t  has 
the  same s t ruc tu re  a s  t he  one in  Fig. 22. 
curren t  versus t h e  change i n  pressure is nearly l i n e a r .  
Notice t h a t  t he  change In 
. 
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2.2.8 Glass-Gold-~~nganese-s i i icon Monoxide-Gold 
0 
These s t r u c t u r e s  were manufactured by evaporating 750 A of 
0 
goid sat0 a glass Sl ide ,  1000 A O f  manganese congruent t o  t h e  gold, 
1500 A of s i l i c o n  monoxide over the manganese, and 750 A of gold over 
0 0 
the SiO. 
I n  all previous s t r u c t u r e s  the  oxidizing e lec t rode  had formed a‘ 
nonconducting Oxide, but oxidized manganese forms trimanganese t e t r a -  
oxide which is  a conductor. For t h i s  reason a th icker  d i e l e c t r i c  was 
needed t o  prevent samples from being shor t  c i r cu i t ed .  The d i s s ipa t ion  
factor of  all manganese s t ruc tu res  has been found t o  increase  and the  
cqac i t ance  has been found t o  increase o r  change only s l i g h t l y .  This 
was expected s ince  t h e  d i e l e c t r i c  thickness had not changed o r  had grown 
thinner due t o  “ f i l l  up” of va l l eys  i n  the d i e l e c t r i c  by conducting 
oxide growth. 
Because of t he  constant d i e l e c t r i c  thickness, it w a s  expected and 
noted t h a t  these s t ruc tu res  had be t t e r  s h o r t - c i r c u i t  cur ren t  s t a b i l i t y  
than those with nonconducting oxides. I n  addition, these  s t r u c t u r e s  
had longer l i f e t imes  than any s tudied  previously. One sample w a s  
operated continuously during normal working hours f o r  over one month 
and was s t i l l  operatable when removed from t h e  experimental chamber. 
Figure 24 shows t h e  r e l a t i o n  between oxygen and cur ren t  output. 
On account of t h e  th i cke r  d i e l e c t r i c ,  t h e  cur ren t  output was less than 
the current output of many o the r  samples studied. Figures 24 and 25 
show typfca l  data f o r  t h i s  type of s t ruc tu re  a t  two d i f f e r e n t  tempera- 
tures. 
3 . 
6 
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Data was obtained with a constant t o t a l  flow r a t e  across a given 
sample, but with varying percentages of oxygen i n  the flow. 
shows a p l o t  of shor t - c i r cu i t  current versus percentage of oxygen. 
percentage of oxygen is  analogous t o  p a r t i a l  pressures of oxygen. 
is seen from the  graph t h a t  t h e  current output is logarithmically r e l a t e d  
to  oxygen p a r t i a l  pressure.  
Figure 26 
This 
It 
2 .2 .9  Glass-Manganese-Silicon Monoxide-Manganese 
0 
This system had a c ross -s t r ipe  s t ruc tu re  with 1000 A of 
0 
manganese on each s i d e  of 1500 A of s i l i c o n  monoxide. The i n t e rna l  
impedance of t h i s  sample was  only 300 ohms a s  compared t o  impedances 
i n  the  megohm fo r  a l l  o ther  types of samples. Consequently, the  
capacitance and d iss ipa t ion  f ac to r  of these samples could not be 
measured. A t  the  beginning of t h e  t e s t s ,  these s t ruc tures  behaved 
very s imi l a r  to t he  Glass-Au-Mn-SiQ-Au samples. However, a f t e r  th ree  
days of operation, t he  po la r i ty  of the  samples reversed and negative 
current  output w a s  observed i n  100 percent oxygen. 
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2.3 Surnmary 
Support for  t h e  t h e o r e t i c a l  model of  galvanc-diffusion i s  found 
i n  the  change i n  capacitance and d iss ipa t ion  f ac to r  wi th  operating 
time. 
e lec t rode  (as previously discussed), t he  capacitance and d i s s ipa t ion  
f ac to r  decreased during measurements, This r e s u l t s  from t h e  increase 
i n  d i e l e c t r i c  thickness with the  oxidation of  the  bottom e lec t rode  
s ince  a l l  s t r u c t u r e s  studied, except manganese, formed insu la t ing  
oxides. The capacitance of a p a r a l l e l  p l a t e  capacitor is 
I n  a l l  cases, except fo r  samples with manganese as t h e  oxidizable 
A c = 0.0885 K , 
where C is t h e  capacitance i n  picofarads, K i s  t h e  d i e l e c t r i c  constant 
r e l a t i v e  t o  a i r ,  A i s  t h e  a rea  of one p l a t e  i n  square centimeters, and 
L i s  the  d i e l e c t r i c  thickness. The above equation can be w r i t t e n  as 
(23) 
K c = -  L ’  
where K is  a constant.  As can be seen from t h e  above equation, t h e  
capacitance decreases as t h e  thickness o f  t he  d i e l e c t r i c  increases.  
This assumes t h a t  t h e  d i e l e c t r i c  constant is constant. 
One can a l s o  reason t h a t  t h e  d i s s ipa t ion  f ac to r  ahould improve 
o r  decrease with t h e  growth of a nonconducting oxide s ince  t h e  evapo- 
rated d i e l e c t r i c  has  va l l eys  and pinholes which can be f i l l e d  by the  
oxide before the  th i cke r  portions change. 
data on soirie of t he  samples tes ted .  
Table 1 gives q u a n t i t a t i v e  
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By t h e  same reasoning the  growth of a conducting oxide should 
increase  t h e  d i s s ipa t ion  f ac to r  by diffusing i n t o  t h e  pinholes. 
capacitance should not change unless the  e f f e c t i v e  thickneas of the 
d i e l e c t r i c  decreased by the  f i l l i n g  of ho les  and va l leys  with a 
conductor thereby giving an increased capacitance, 
The 
It is therefore  
not su rp r i s ing  t h a t  of  t h e  s t ruc tu res  s tud ied  Mn-SiO-Au w a s  t he  most 
s t a b l e  wi th  respect t o  t i m e  s ince  manganese oxide is a conductor. 
Attempts t o  enhance o r  r e t a rd  the process by applying an ex terna l  
p o t e n t i a l  t o  t h e  devices were unsuccessful. 
cons is ten t  between l i k e  samples. 
t ha t  e l e c t r o n i c  leakage increased g rea t ly  with appl ied  f i e l d .  
The r e s u l t s  were not  
The general  conclusion reached wae 
xkxZ&2 S I  S=.r7?imWB S W 3 5  s&%bited &e gazTD-&fL-b 
e f fec t  and were thereby oxygen p a r t i a l  pressure sensors, liome a r e  
preferab le  over o thers .  
found t o  r e s u l t  i n  devices which were extremely s e n s i t i v e  t o  water 
vapor. Factors o the r  than these d i e l e c t r i c s  could have influenced 
t h i s ,  such as geometry. Glass-Al-SiO-Ag s t ruc tu res  have a very shor t  
l i fe t ime due t o  t h e  oxidation of t h e  Ag and could be used only over 
periods of t i m e  of a week o r  l ea s .  
glass-Au-Bi-SiO-Au s t r u c t u r e s  were found t o  be erratic i n  behavior, 
possibly because of l o w  f r e e  energy of formation of Pb and Bi. The 
f ree  energy of formation is  -43 kcallg-mole and -120 kcal/g-mole 
for lead oxide and dibismuth t r iox ide  respec t ive ly .  
the two s t r u c t u r e s  t h a t  presented t h e  bes t  data from the  viewpoints of 
age, s t a b i l i t y ,  oxygen s e n s i t i v i t y ,  and noner ra t ic  behavior were alu- 
minum and manganese. 
for dialuminum t r i o x i d e  and -300 kcal/g-mole f o r  trimanganese tetraoxide.  
Magnesium f luor ide  and aluminum oxide were 
The glass-Au-Pb-SiO-Au and 
For comparison, 
Their f r e e  energies of formation a re  -380 kcal/g-mole 
-54- 
The ion ic  concentration a t  the oxide-d ie lec t r ic  ( in te r face  2) is 
d i r e c t l y  r e l a t e d  t o  t h e  nega t iv i ty  of t h e  f r e e  energy of oxide formation, 
The i o n i c  concentration FE expected t~ be snaller for aluminum or manga- 
nese as the  oxidizable  electrode, and consequently more e lec t ronic  cur ren t  
should flow i n  t he  external c i r c u i t .  Since dicopper oxide and copper 
oxide have free energies of formation of -27 and -32 kcal/g-mole respec- 
t i ve ly ,  they fall i n t o  t h e  same category as bismuth and lead,  
The two s t ruc tu res  t h a t  seem most des i rab le  for oxygen sensors are 
The conclusion i s  v e r i f i e d  by the glass-Al-SiO-Au and glass-Mn-SiO-Au, 
experimental r e s u l t s .  
There is a p o s s i b i l i t y  of combining the des i rab le  e f f e c t s  of both 
the aluminum and manganese propert ies  i n t o  one s t ruc ture .  
s ta ted,  d i ss ipa t ion  f ac to r s  of aluminum electrode s t ruc tu res  improve 
As previously 
with t i m e ,  and the capacitance and shor t -c i rcu i t  current  of manganese 
electrode samples a r e  approximately constant w i t h  t i m e .  
s t ruc tu re  t h a t  u t i l i z e s  manganese covered by a very t h i n  layer  of 
aluminum (approximately 30 A) could possible  exh ib i t  both des i rab le  
propert ies  a f t e r  sho r t  operat ion times. 
Therefore a 
0 
-55- 
Conductance modulafion, am uced here, mean8 a change ox modulation 
of  the e l e c t r i c a l  conductance of a t h i n  f i lm  t h a t  i s  induced or r e s u l t s  
from changes i n  the  environmental gas and i t s  pressure.  
t ion  is caicen to mean the proceee whereby gas atoms o r  moleculeti are 
attached t o  the sur face  of the  film. 
process whereby gas atoms o r  molecules a r e  absorbed i n t o  the  bulk of  t he  
film. Using these de f in i t i ons ,  there  are  then two ways environmental 
gases can change the  electrical conductance: (1) by adsorption and 
evaporation and (2) by sorpt ion and desorption. 
particular gas t h a t  is  e i t h e r  adsorbed on t h e  surface o r  located i n  t h e  
The term adsorp- 
Sorption is  taken t o  mean the  
The amount of a 
bulk is  a function of 
pressure of the gas.  
interest  here, and i n  
of  the oxygen p a r t i a l  
the  f i lm material ,  t h e  type of gas, and the  p a r t i a l  
It is, of course, the  l a t t e r  property t h a t  is  of 
pa r t i cu la r ,  it i s  the  conductance as a function 
pressure.  
3.1 Discussion 
Consider f i r s t  t he  in te rac t ions  with the surface only (adsorption 
When in te rac t ing  with t h e  sur face  the mechanism can and evaporation). 
be e i ther  chemical bonding or Van der Waal force. 
differentation i s  made between the  two, 
surface i s  exposed t o  a gas environment, gas adsorbs on the  sur face  
and increases the  e l e c t r i c a l  res is tance.  For example it has been found 
that the dacrease i n  f i lm conductance depends upon the number of mole- 
cules adsorbed on the  film and is given by [7,8] 
For the  present  no 
Generally speaking, i f  a c lean 
E = -a(n/N) 
d S 
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where u = conductivity of the  clean f i lm 
n = number of adsorbed molecules 
N - number o f  metal atoms i n  the f i l m  
a = a small number (approximately 2 f o r  oxygen). 
This mndel 
e lec t rons  a r e  deactivated by each adsorbed molecule. Chemical bonding 
is implied with t h e  above assumption. 
I s  based 012 +,he essuq+,ion +,frat a n*Urr??er Q of Cond~C+,ion 
Another model which has not been considered previously i s  the  e f f e c t  
of adsorbed gas on the specu la r  o r  d i f fuse  s c a t t e r i n g  a t  t h e  sur face  of 
the fi lm. Specular s c a t t e r i n g  is  defined a s  tha t  which occurs when t h e  
ve loc i ty  component of an  e lec t ron  moving normal t o  the  sur face  is  
reversed and t h e  t ransverse  component of  ve loc i ty  is unchanged. 
d i f fuse  s c a t t e r i n g  t h e  average d r i f t  ve loc i ty  a f t e r  c o l l i s i o n  with t h e  
surface i s  zero.  Sondheimer has developed t h e  following ana ly t f ca l  
expression fo r  t he  e f f e c t s  of surface s c a t t e r i n g  [ 9 ]  
I n  
. 
i -  
where p = r e s i s t i v i t y  
= bulk r e s i s t i v i t y  p* 
d = f i lm  thickness 
L = e lec t ron  mean f r e e  path i n  the  bulk mater ia l  
P = f r ac t ion  of conduction e lec t rons  specular ly  sca t t e red  a t  
t h e  sur face  
K = a constant. 
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The f ac to r  P is  a constant which s t a t i s t i c a l l y  describes the i n t e r a c t i o n  
between t h e  conduction e lec t rons  and t h e  sur face  of t he  film. It 
represent8 t h e  f r a c t i o n  of electrons specular ly  sca t t e red  a t  t he  sur face  
(P var i e s  between 0 and 1). 
the adsorbed gases. 
It is  t h i s  f ac to r  t h a t  can be a f f ec t ed  by 
It has been found experimentally, during t h e  course of t h e  present 
study, t h a t  the conductance of  gold films is  a function of t h e  oxygen 
p a r t i a l  pressure.  
a t  a n  elevated temperature of  approximately 200°C, r eve r s ib ly  decreases 
about 4 percent when the  environment is  cycled from an i n e r t  gas t o  
oxygen. It is  believed t h a t  t h i s  decreased r e s i s t ance  r e s u l t s  from 
changes i n  t h e  s a c t t e r i n g  a t  the  surface.  
I n  pa r t i cu la r  i t  has been found t h a t  t he  r e s i s t ance  
The e f f e c t  i s  a function of 
temperature as w i l l  be discussed l a t e r .  
The question as t o  why oxygen a f f e c t s  t he  sur face  s c a t t e r i n g  
processes d i f f e r e n t l y  from nitrogen o r  argon is  not immediately obvious. 
It is  suspected t h a t  oxygen adsorbed on the surface may form gold 
oxide whereas n i t rogen  and other i n e r t  gases may not r eac t  chemically. 
This introduces several p o s s i b i l i t i e s  f o r  conductance changes. For 
example, t h e  number of charge c a r r i e r s  may change as described by t h e  
previous model. Competing processes may take  place.  
Generally speaking gold does not ox id ize  readi ly .  It i s  poss ib le  
t o  anodize gold i n  perchlor ic  a c i d  [lo]. 
by Guinpl ,  McMaster and Freschi l lo  have shown t h a t  gold films 400.A 
Electron micrograph s tud ie s  
P 
thick a r e  covered with t h i n  membrane l aye r s  [ll]. They speculate t h a t  
these amorphous l aye r s  may be gold oxide. 
is formed, one would expect t h e  surface proper t ies  t o  change. 
lomation i s  not incons is ten t  with r eve r s ib l e  changes s ince  gold oxides 
I f  only a monolayer of oxide 
Oxide 
. 
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a re  uns tab le  a t  t he  temperatures required t o  observe t h e  e f f e c t  (120'C 
t o  25OOC). All known oxides of gold decompose a t  temperatures g r e a t e r  
than 205OC. 
Other models f o r  t h e  e f f e c t s  of adsorbed gases on conductance 
have been proposed [12]. 
uniform su r face  on t h e  film, a comnon assumption i s  t h a t  t h e  f i lm  i e  
made up of a regular  a r r a y  of individual metal blocks separated from 
one another by a gap. This gap i s  p a r t l y  f i l l e d  by a m e t a l  l ayer .  
Based on t h i s  p i c t u r e  of t h e  film, adsorbed molecules could a l ter  the  
conductance of t he  f i lm  by t h e  following processes. 
Unlike t h e  above models which assumed a 
1. The conduction of both the blocks and bridges may be a l t e r e d  
by a sur face  e f f e c t  such as  those already mentioned. 
Surface stresses in  t h e  f i lm may be a f f ec t ed  by adsorption, 
thereby changing t h e  resistance. 
2.  
3. I f  t h e  thickness of t he  metal bridges, as wel l  as t he  gap 
width, is  small, curren t  flaw may occur by tunneling through 
the  gaps. 
d ipole  layer  and therefore  a l so  a f f e c t  conduction across  t h e  
gap 
Adsorption on t h e  gap w a l l s  may a f f e c t  the  sur face  
S t i l l  another model has  been proposed t o  explain t h e  e f f e c t s  of 
t r a n s i e n t  o r  pulsed oxygen adsorption on N i O  sur faces  [13]. This theory 
is based on multiple-trapping involving exc i ted  oxygen atoms o r  molecules 
and ionized species.  
The adsorption of gases onto the  sur faces  of t h i n  films which 
r e s u l t  only i n  sur face  changes must almost by necess i ty  occur a t  l o w  
temperatures--on t h e  order of a few hundred degrees centigrade o r  less. 
This i s  becauba a t  high temperatures t h e  d i f fus ion  of t h e  adsorbents into 
! 
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the  f i lm  w i l l  be high. This can be seen from t h e  discussions i n  Section 
2. I n  general  oxygen w i l l  be adsorbed onto t h e  sur faces  of metals by 
chemical bonding. Thless noble metals z r e  used for the  film, oxides 
w i l l  be formed and t h e  process w i l l  be i r r e v e r s i b l e  a t  l o w  temperatures 
where t h e  oxides are s t ab le .  This reduces considerably the  p o s s i b i l i t i e s  
of u t i l i z i n g  only sur face  adsorption e f f e c t s  involving oxygen. 
At ten t ion  i s  now focused on sorption o r  d i f fus ion  of environmental 
gases i n t o  the  f i l m .  As alreadymentioned, one expects these e f f e c t s  
t o  occur more r e a d i l y  a t  high temperatures. 
oxidation of t he  bulk f i l m w i l l  be deferred t o  Section 4. 
Discussion of i r r e v e r s i b l e  
Conduction can be changed by sorption o r  desorption of mater ia l s  
t ha t  enhance or decrease t h e  number of charge carriers or a l te r  the 
mobility o f  t h e c a r r i e r s .  
o f  t h e  metal oxide type appear promising where t h e  environmental gas is 
oxygen. 
i n  orders  of magnitude changes i n  t h e  conductivity from i ts  normal 
value. Hafnium, zirconium and titanium oxides are notable f o r  t h e  
above p rope r t i e s  , 
Semi-insulators or wide band gap semiconductors 
I n  these  materials an excess or deficiency of oxygen can r e s u l t  
Rutal  (Ti0 ) has  been t h e  subject of  many inves t iga t ions  i n  t h e  2 - 12 oxygen pressure  range of from 1 atmosphere t o  10 atmoepheres [14,15]. 
Figure 27 shows a plot of  log 
for T i 0 2  1153. 
P(0 ) (atm) as a function of conductivity 10 2 
From t h e  data it  is seen that: 
u = K(T) [P(02)]-1’5 , 
where K(T) is a constant.  
i~ has been conciuderi tnat titanium’ions are t h e  dominant defec ts  1151. 
Based on the -1/5 power pressure dependence 
i 
1 
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Other inves t iga t ions  have given the  power term as -1/6 [16). 
dependence has been explained i n  terms of oxygen vacancies. 
This 
The electrical cnnductance Qf Z r 0 2  e t  elevated temperature c> 900') 
has been found t o  be a function of oxygen p a r t i a l  p ressure  [17,18,19]. 
The c r y s t a l  s t r u c t u r e  of t h e  mater ia l  s t rongly  influences t h e  dependence 
of conductance on oxygen p a r t i a l  pressure--monoclinic c r y s t a l s  are more 
oxygen s e n s i t i v e  than te t ragonal  c rys t a l s .  
log a vs log oxygen pa r t i a l  pressure for t h e  two c r y s t a l  types a t  various 
temperatures [17]. Conductivity is again r e l a t e d  t o  oxygen p a r t i a l  
pres s u r e  by 
Figure 28 shows a p l o t  of 
(27 1 l / n  d = K(T) P(02) 
where n i s  constant depending on t h e  pressure (see Fig ,  28). This 
dependence has been a t t r i b u t e d  t o  oxygen vacancies and i n t e r s t i t i a l s ,  
There i s  some disagreement as t o  t h e  extent of i on ic  and e l e c t r o n i c  
contribution t o  t h e  t o t a l  conductivity [17,18]. It has a l s o  been 
found t h a t  approximately 5 percent of t h e  t o t a l  adsorbed oxygen can 
be r eve r s ib ly  adsorbed and desorbed as  molecules [15,21]. The adsorp- 
t ion is  theorized t o  take place on 0; ions which are mobile [20,21]. 
Hafnium oxide (HfO,) is very s imi l a r  i n  i t s  proper t ies  t o  Zr02.  
Figure 29 shows a p l o t  of conductivity as a function of oxygen p a r t i a l  
pressure a t  
is lower (> 
conduc tar. - e 
pressure i s  
reapnnsihle 
1 
various elevated temperatures [17]. Here t h e  temperature 
900°C) than t h a t  used i n  Z r 0 2 .  As shown i n  the  f igu re  the  
increases  t o  a maximum value when decreases as oxygen p a r t i a l  
lowered. 
f o r  the effects. 
Oxygen vacancies and i n t e r s t i t i a l s  are aga in  
n .  
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There are several very detrimental f ac to r s  which must be considered 
i f  one u t i l i z e s  t h e  above mater ia l s  as oxygen p a r t i a l  pressure sensors. 
First the temperaturee required are l a r g e  (- 1000°C). 
t o  a c t i v a t e  t h e  charge carriers and t o  enhance t h e  d i f fus ion  o f  oxygen 
i n  t h e  f i l m .  
range 0 t o  300 ram Hg. 
changes are long (hours t o  days). 
h i s  is necessary 
Second t h e  conductance change is  small i n  the  pressure 
F ina l ly  t h e  t i m e  constants involved i n  pressure 
3.2 Experimental Techniques 
I n  order t o  f ab r i ca t e  s t ruc tures  t o  study the  e l e c t r i c a l  conductance 
modulation, a t h i n  f i lm  of metal was  evaporated onto a g l a s s  s l i d e .  On 
most of the  s l i d e s  DuPont l i q u i d  br ight  gold w a s  f i r e d  onto t h e  s i l i c o n  
for contact purposes before evaporation of t h e  material t o  be studied. 
The f i r i n g  operation w a s  done i n  an  oven a t  400°C f o r  a t  least two 
hours (see Fig.  30). 
The g la s s  s l i d e s  were cleaned by t h e  procedure out l ined  i n  Section 
2.3. Most s l i d e s  were Pyrex, but 8 f e w  used i n  high temperature experi- 
ments were quartz.  
The materials studied were hafnium, gold, zirconium, t i tanium 
manganese, silver, and nickel.  Gold, silver, and manganese were 
evaporated by standard techniques a6 described by Ref, 6. 
to evaporate hafnium, zirconium, titanium, and n icke l ,  an e lec t ron  
vapor deposition gun was employed (Materials Research Corporation Model 
Y4-200). 
I n  order 
The gun w a s  mounted i n  a Ultek u l t ra -h igh  vacuum system capable 
of pressui-s as  la^ as 5 x 
Hafnium and zirconium 
first problems encountered 
10’’ torr (see Figs. 31 and 32). 
proved d i f f i c u l t  t o  evaporate. 
was the alloying of the  metal i n t o  t h e  
One of the 
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water-cooled copper pedestal  on which it res ted .  
covered by a carbon crucible ,  carbon was evaporated. 
dure waa establ ished that. yielded good evaporation f o r  hafnium. The 
procedure a s  ou t l ined  by a typ ica l  evaporation was:  
When the pedestal  w a s  
F ina l ly  a proce- 
1. A carbon c ruc ib l e  containing the hafniumwas placed on t he  
copper pedestal  o f  the  electron gun. P r i o r  to  evaporation 
the  vacuum system was pumped down t o  a pressure of 5 x 10 -8  
t o r r .  
2. The hafnium w a s  outgassed a t  a pressure t h a t  ranged from 
1.5 X lom7 to  4 x 
supplied t o  the  e lec t ron  gun was 2000 v o l t s  a t  50 milliamps. 
The temperature of  the  hafnium as measured by a Leeds and 
t o r r  for four hours. The power 
Northrup op t i ca l  pyrometer was 1360OC. ' 
A t  the end of four hours of outgassing, the  vol tage and 3 .  
current  ro t h e  e lec t ron  gun was slowly increased. The 
hafnium s t a r t e d  melting at approximately 3000 Volt6 and 
110 milliamps; the  measured temperature w a s  1990°C. The 
pressure typ ica l ly  increased to 9 X t o r r  during the  
power increase. 
The powerwas increased fur ther  t o  4000 volts Eind 200 m i l l i -  
amps with t h e  measured temperature at: 2240°C. 
4. 
A t  t h i s  ' t i m e  
the subs t ra tes  were r o t a t e d b v e r  the source. 
5, The t o t a l  evaporation time w a s  22 minutes a t  224OOC. 
pressure during evaporation was 2.2 x 
The 
torr ,  
Although t h e  thicknesses of t hese  films were not  monitored during 
0 
maporation, later measurements showed most films t o  be between 400 A 
and 500 A. 
0 
~ 
4 .  
i 
. '  4 
i 
Zirconium, titanium, and n icke l  were evaporated by the  e lec t ron  
gun using t h e  same procedure. 
t i tanium and n icke l ,  not as much power was needed to  evaporate them; 
only about 2500 v o l t s  a t  100 milliamps. 
for  study, they w e r e  s to red  i n  a vacuum unt i l  used. 
Because of t h e  lower melting poin ts  of 
Once t h e  fi lms had been prepared 
The f i r s t  method u t i l i z e d  for  measuring t h e  r e s i s t ance  o f  the 
sample w a s  t h e  Wheatstone bridge. Figure 33 shows a n  e l e c t r i c a l  
schematic of t h e  bridge used. R was designated a s  t he  r e s i s t ance  of 
the f i l m  whose e l e c t r i c a l  conductivity w a s  expected t o  change due t o  
var ia t ions  i n  oxygen p a r t i a l  pressures. I n  some cases %was an evapo- 
rated f i lm  of t he  same type as Rx. 
changes by a th i ck  coat of Dow-Corning varnish o r  evaporated SiO. 
was t o  provide temperature compensation t o  t h e  bridge s ince  
were i n  opposite l egs  of t he  bridge, 
The bridge output cur ren t  (I ) was recorded using e i t h e r  a Bausch 
and Lomb o r  Heathkit recorder. Rx and f o r  t h e  evaporated films 
mentioned in t h i s  r eac t ion  were always less than 500 ohms and most of 
the t i m e  less than 100 ohms. The ohmic values of P and Q were se l ec t ed  
t o  be c lose  t o  t h e  values of R and s. The change i n  the  sample 
resistance is r e l a t e d  t o  the  poten t ia l  d i f fe rence  between nodes A 
and B (AV) by 
X 
5 w a s  masked from the  environmental 
This 
and Rx 
3 
X 
The second method used t o  study t h e  change i n  r e s i s t ance  of t h i n  
film was the  four poin t  probe as depicted by Fig. 34.  Figure 35 shows 
the four-point probe used i n  the tube oven experimental chamber. 
4 
A 
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F i g .  34 .  Schematic of Four-Point Probe 
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F i g .  35. P'nozograp'n of Four-Boini; Pruba 'u'aed lii FiSe OVEZ 
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The f i lm  t o  be s tudied  was placed on the  asbestos block and held i n  
p lace  by t h e  four probes which were gold o r  s i l v e r  wire wound around 
tungsten wire Cores. 
I n  reference t o  Fig.  34, I was e s s e n t i a l l y  a constant cur ren t  
8 
determined by E /R s ince  Rs w a s  always much g rea t e r  than R,. The s s  
p o t e n t i a l  a t  node 1, determined by I R 
c i r c u i t ,  determined by 5%. As R changes with changing oxygen 
p a r t i a l  pressure,  a p o t e n t i a l  difference occurs between nodes 1 and 5 .  
is balanced by a similar s x' 
X 
Therefore, V is d i r e c t l y  r e l a t e d  t o  AR 
X 
'R% -t 
IS 
Rx 
ARx'-' V 
Is 
3.2.1 Evaporated Gold 
The most promising t h i n  film material s tudied  fo r  its a b i l i t y  
to  sense oxygen p a r t i a l  pressure w a s  vacuum evaporated gold. 
thickness i n  t h e  range of 200 A t o  800 A were studied i n  various 
environments. 'The geometry of t h e  films is shown i n  Fig.  30. 
Film 
0 0 
These 
s t ruc tures  were t e s t e d  i n  environmental chambers previously discussed 
u t i l i z i n g  both t h e  four  point probe and t h e  Wheatstone bridge measuring 
technique. 
Figure 36 shows a p l o t  of f i lm  res i s tance  as a function of t i m e  
'ila.f;o f i b  for uari7z.s emixaxzeacal gases at 3, atmsphe~e prebsczze, 
was oper, ~ P C ?  a t  a temperature of 173OC. These tests were made on t h e  
bridge with a temperature compensating f i lm  i n  use. 
there is i n i t i a l l y  a s l i g h t  increase  i n  resistance follmrerl by a_ Lgrgs 
As shown i n  Fig. 36, 
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decrease a f t e r  t he  f i l m  i s  exposed t o  oxygen following an i n e r t  environ- 
ment. 
In terms of t he  propoeed sca t t e r ing  model, t h e  i n i t i a l  increase  
could r e s u l t  from t h e  formation of a monolayer of oxide which robs 
e l ec t rons  from the  conduction band thereby increasing res i s tance .  Then 
as more oxide is  formed, changes i n  t h e  s c a t t e r i n g  process may become 
t h e  dominate mechanism. The i n i t i a l  increase was seen i n  p a r t i a l  
p ressure  measurements i n  which low oxygen pressure  was used. 
experiments, the  t i m e  i n  which the  film re s i s t ance  increased w a s  much 
I n  these  
longer (> 10 minutes). 
Figure 37 shows a semi-log p l o t  of percent oxygen versus r e s i s t ance  
of t h e  fi lm. Notice t h a t  t h e  data points a r e  bes t  approximated by two 
s t r a i g h t  l i n e s .  
I n  Fig. 38 i s  shown a t i m e  versus r e s i s t ance  p l o t  fo r  a gold 
sample a t  155°C. 
Note t h e  long rise and f a l l  t i m e s  a t  t h i s  temperature. 
t he  same sample a t  211OC. 
are more rapid,  but t h e  change i n  r e s i s t ance  from an i n e r t  atmosphere 
t o  oxygen is  much smaller (0.90 ohms a t  155°C and 0.40 a t  211*C). 
The four-point probe method was used fo r  t h i s  data. 
Figure 39 shows 
Notice t h a t  t h e  rise t i m e s  and f a l l  times 
Figure 38 shows the d r i f t  t h a t  was encountered i n  t h e  gold f i l m  with 
t h e  four-point probe which used no temperature compensation film. 
was found t h a t  t h e  d r i f t  rate could be decreased considerably by annealing 
t h e  f i lm  a t  300°C before t e s t i n g ,  
It 
However, t h e  b e s t  method f o r  d r i f t  
and temperature compewation i s  a balancing masked film. 
The data p lo t t ed  i n  F igs ,  38 and 39 i s  f o r  a f i lm  which had a 
0 
thickness of 400 A. Data f o r  o ther  film thicknesses w i l l  be compared 
t o  t h e  da ta  f o r  t h i s  film. 
w i th  a thickness of 800 A. I n  this case, t h e  change in r e s i s t ance  
The data p lo t ted  I n  Pig. 40 is for a f i lm  
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0 
i s  much smaller than fo r  the  400 A fi lms, Since the  mean-free-path 
of conduction e lec t rons  i n  gold i s  about 400 A, t h i s  was expected 
0 
because t h e  f r a c t i o n  of conduction e lec t ron  specular ly  sca t t e red  
a t  t h e  sur face  of t h e  f i lm  was l e s s .  
Although not shown i n  t h e  figures,  t h e  r e s i s t ance  of gold f i lm  i n  
water vapor and carbon dioxide was a l s o  checked. 
not t o  be sensitive t o  carbon dioxide and only s l i g h t l y ,  i f  any more, 
s e n s i t i v e  t o  room a i r  than t o  dry a i r .  
The fi lms were found 
Experiments have been made on gold f i lm with soldered contac ts ,  
The experimental data w a s  t h e  same a s  t h a t  previously described f o r  
probes. 
Figure 41 shows a p l o t  of r e s i s t ance  change versus temperature f o r  
a p a r t i c u l a r  gold film. Notice a t  lower temperatures, g r e a t e r  changes 
a r e  exhibited.  However, a t  lower than lSO0C, t he  long t i m e  constant 
of change makes t h e  t o t a l  change d i f f i c u l t  t o  de tec t .  
Figure 42 shows a p l o t  of r i s e  t i m e  vs temperature, I n  order t o  
produce a good oxygen sensor, a temperature w i l l  have t o  be se l ec t ed  
t h a t  gives good r e s i s t ance  changes and f a s t  rise t i m e s .  
t i m e s  usua l ly  mean f a s t  f a l l  t i m e s  a l s o .  ' 
Fas t  r ise 
3.2.2 Titanium, Zirconium, Hafnium, , 
Zirconium and hafnium were found not  t o  be s e n s i s t i v e  t o  
oxygen except f o r  t h e  formation of oxides a t  t h e  temperature range 
inves t iga ted  (room temperature t o  300" C) . 
i n  t h e  geometry of Fig. 30 and tes ted  i n  t h e  test  chamber described 
previous Ly 
The samples were manufactured 
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The electrical r e s i s t ance  of these oxides exhibited no dependence on oxygen 
;3ressxe wi th in  t h e  1ir;its of t h e  seasuring apparatus (-. 0.19,). 
.r 
a hafnium sample as one leg, versus time i n  various environments. 
t h a t  t h e  electrical r e s i s t ance  o f  t h e  f i lm  exh ib i t s  a dependence on 
the  pressure  of any gas. 
no t  inves t iga ted  fur ther  s ince  it w a s  n o t  oxygen r e l a t ed .  
Notice 
This e f f e c t  was a160 seen i n  zirconium, but 
Only t i tanium w a s  found to be oxygen sens i t i ve .  Figure 44 shows 
a p l o t  of voltage from a Wheatstone bridge versus t i m e  i n  various 
environments for a ti tanium sample. N o t i c e  t h a t  t h e  f i lm  i s  s e n s i t i v e  
t o  both nitrogen and oxygen. 
a very good "getter" of both oxygen and nitrogen. 
This i s  not i l l o g i c a l  s ince  t i tanium i s  - 
However, it was not 
poss ib l e  t o  dupl ica te  t h i s  data i n  t h e  lab .  The reason f o r  t h i s  may 
have been t h a t  t he  low voltage due t o  the change i n  r e s i s t ance  of t h e  
f i l m  was overridden by ex terna l  no ise  from t h e  rest of t h e  c i r c u i t .  
Some samples of t i tanium made i n  the  geometry of Fig. 30 showed 
reac t ion  to  oxygen, but i t  may have been t h e  l i q u i d  br ight  gold and 
not t h e  t i tanium whose r e s i s t ance  was changing. 
3.2.3 Manganese, S i lve r ,  Nickel 
Manganese, silver, and nickel were made in t h e  geometry of 
. Fig. 30 and t e s t e d  i n  t h e  Wheatstone bridge. The electrical r e s i s t ance  
of t hese  elements showed no dependence on oxygen pressure. Nickel 
- oxide fi lms were a l s o  manufactured but t h e i r  r e s i s t ance  was too high 
t o  be tested <+ccurately with t h e  instruments ava i lab le .  - 
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3.2.4 Summary 
The evaporated gold fi lms a re  by f a r  the  most promising 
oxygen sensors of the  conductance modulation type. 
may show r e s i s t ance  dependence on oxygen pressure,  but only a t  extremely 
high temperatures (greater than 600°C). 
from consideration. As previously noted, manganese, nickel and silver 
exhibi ted no dependence of res is tance on oxygen pressure.  
of t i tanium may ye t  prove t o  be re la ted  t o  oxygen pressure i n  a f eas ib l e  
temperature range. However, t he  s l i g h t  s e n s i t i v i t y  shown so f a r  may 
prove d i f f i c u l t  t o  detect .  
Hafnium and zirconium 
This reason alone may bar them 
The r e s i s t ance  
Gold oxygen sensors have proved t o  be dependable and rugged. 
They a r e  easy t o  manufacture and e a s y  to  test .  The e f f e c t  of oxygen 
seems completely r eve r s ib l e  so the  l i fe t ime should not be l imi ted  
by consumption of an electrode as i n  t he  galvano-diffusion e f f ec t .  
-86- 
4. COXTROLLED OXlDATION 
Another poss ib le  method of u t i l i z i n g  t h i n  films as oxygen p a r t i a l  
p ressure  sensors is t h e  cont ro l led  oxidation of a conducting fi lm. 
Consider a t h i n  f i lm  of metal (a good conductor) which w i l l  ox id ize  
i n  a n  oxygen environment to fern an insulating metal oxide, 
t h a t  t h e  f i l m  is t h i ck  enough so tha t  bulk e f f e c t s  are t h e  prominent 
f ac to r s ,  then 
Astiiimiiig 
where R = r e s i s t ance  
1 = length 
W - width 
L( t )  = t i m e  dependent thickness 
p = r e s i s t i v i t y  
If t h e  metal oxide i s  a good insu la tor ,  t h e  r e s i s t ance  is  a function of 
t h e  thickrless as given by the  above equation. 
The parabolic growth r a t e  is  by f a r  t h e  most common growth law f o r  
metal oxides i n  an  oxidizing environment, 
where Lox(t)  is  the  time dependent oxide thickness, t is  the  t i m e ,  and 
IC is cocstant which is, among o ther  things,  a function of temperature 
and oxygei: p a r t i a l  pressure. 
of t h e  f i l m  is 
For t h e  above growth law,  t he  r e s i s t ance  
. 
a 
* 
-87- 
. R=* 
where L(0)  is the metal f i lm thickness a t  t = 0 .  
G -- l / R  is 
The conductance 
.I I n  
G - Go = -KtL’L , 
(33 1 
(34)  
where G is the  conductance a t  t = 0, 
0 
As can be seen from the above equation, i f  one plots conductance 
as a function of t i m e  on log-log paper, a s t r a i g h t  l i n e  w i l l  r e s u l t  
with a s lope of 1/2. If one knows from experiment o r  theory the  depen- 
dence of K on oxygen p a r t i a l  pressure, then the oxygen p a r t i a l  pressure 
can be determined from a measure of t h e  conductivity as a function of  
* 
tine. 
A p l o t  of log G vs log t will r e s u l t  i n  a s t r a i g h t  l i n e  f o r  the 
general  case where the oxide growth rate i s  proportional t o  a power, 
n, of t i m e ,  i .e. 
The s lope  i n  t h i s  case is  n. 
There are severa l  disadvantages to  t h i s  method. F i r s t  o f  all one 
must f ind  a material with the  desired propert ies .  
major task.  Aside from t h i s  problem, a considerable amount of e lec t ronics  
would be required t o  give a d i r e c t  readout from such a sensor. Most 
o x i d a t i c i  mocesses  i n  which the oxide is i n  d i r e c t  contact with the 
oxidizing environment (no shielding as i n  t he  case of the  galvano- 
d i f fus ion  s t ruc tures)  are extremely sensitive tc veter vzpcr and ot’rrrtr 
impuri t ies .  
This i n  i t s e l f  is a 
Water vapor usually speeds up the  process conniderably. 
. 
t 
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It was decided that  no specific experimental work would be performed 
on the  control led  oxidation method. 
diffutrion and conductance modulation methods showed much mote promise. 
It was felt that the galvano- 
* 
Y 
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t 
5: CONCLUSIONS 
Three thin-f i lm techniques for eaneing oxygen partial pressure 
have been studied: (1) galvano-diffusion, (2) conductance modu- 
l a t ion ,  and (3) cont ro l led  oxidation. Of t he  three  techniques, 
galvano-diffusion l n d  ccnductacce zadulat ion received about equal 
e f f o r t s  with minor emphasis on control led oxidation. 
r e s u l t s  of  the study, it i s  concluded t h a t  the  conductance modulation 
Based on t h e  
method i s  the  b e t t e r  of the three  techniques s tudied.  I n  pa r t i cu la r ,  
t h e  t h i n  gold films show considerable promise. 
I n  comparison with o ther  techniques such as paramagnetic, galvanic 
f cells,  polarographs, W spectrometers, mass spectrometers, chemical and 
a c t i v a t i o n  ana lys i s ,  t h i n  f i lm techniques a r e  p a r t i c u l a r l y  a t t r a c t i v e .  . 
Ei the r  t he  galvano-diffusion o r  conductance modulation technique when 
fabr ica ted  i n t o  a sensor w i l l  be small i n  s i ze ,  l i g h t  weight, and 
rugged. I n  addi t ion  power requirements a r e  low. One major advantage 
t h a t  t h i n  film sensors have over some of t he  more conventional ins t ru-  
ments i s  t h a t  t he re  is e s s e n t i a l l y  no consumption of the oxygen and 
no reference oxygen supply is  needed as i s  the  case of galvanic c e l l s .  
Direct readout with simple e lec t ronics  is a l s o  a fea ture  of t h i n  f i lm  
sensors .  
The galvano-diffusion sensor has been shown t o  be operable as an 
oxygen p a r t i a l  pressure detector .  The major advantages of t h i s  method 
0 over other  methods s tudied a r e  the  r e l a t i v e l y  low temperature operation, 
wide pressui .  range, and the  active nature of t he  phenomenon (no power 
required f o r  electrical  readout).  
i: zp~1yfng this tcthnfquc. First is the changing c h a r a c t e r i s t i c s  
There are several problems t o  be solved 
- 90- 
c 
I '  
c 
with time. 
processes involved, it i s  not possible t o  completely eliminate the  
changes. 
devices.  This r e s u l t s  i n  low external cur ren t  levels which a r e  d i f f i -  
c u l t  t o  de tec t  and which enhance e l e c t r i c a l  no ise ,  The t h i r d  and most 
d i f f i c u l t  problem is  not r e l a t e d  t o  the  phenomenon involved but r a t h e r  
t o  t he  s t a t e -o f - the -a r t  techniques in  t h i n  f i lms ,  This i s  the problem 
of nonunifonnity and inconsistency i n  f i lm  proper t ies .  
d i e l e c t r i c  films exh ib i t  considerable va r i a t ions  i n  c h a r a c t e r i s t i c s  of 
sensors.  
developed, it w i l l  be d i f f i c u l t  to u t i l i z e  the  galvano-diffusion phenom- 
Since these  changes result  from the  a c t i v e  nature of the  
A second problem is  the high inherent impedance of t h e  
Incons is ten t  
U n t i l  b e t t e r  d i e l e c t r i c  materials o r  b e t t e r  techniques are 
enon a s  an  oxygen par t ia l  pressure sensor. 
The major disadvantages t o  t h e  controlled oxidation technique a r e  
(1) i n d i r e c t  readout, (2) changing c h a r a c t e r i s t i c s  wi th  t i m e ;  and 
(3) 
advantages i s  t h e  lack of any well-suited materials.  
The only mater ia l  which has been found s u i t a b l e  for u t i l i z a t i o n  i n  
sho r t  l i f e  fo r  reasonable accuracy. Aside from t h e  inherent d i s -  
t he  conductance modulation technique was gold. Based primarily on t h e  
t h e o r e t i c a l  study, o the r  mater ia l s  such as hafnium and zirconium oxides 
will r equ i r e  very high temperatures for operation (- 1O~o'C) and w i l l  
r e s u l t  i n  low sensi t ivi t ies .  
operated a t  r e l a t i v e l y  low temperatures (- 20OoC) with reasonable sens i -  
t i v i t i e s .  I n  addi t ion  the gold films are r e l a t i v e l y  easy t o  f a b r i c a t e  
using orainary vacuum techniques. 
t i v i t y  modulation techniques over the o the r  methods studied is  t h e  long 
l i f e  (no active processes involved) and r e v e r e i b i l i t y .  The major 
On the  o ther  hand gold films can be 
The major advantage of t he  conduc- 
- 91- 
problem is the relatively long time constants encountered when tho 
environment is changed, Although the effect is temperature sensitive, 
bridging techniques can be used to compensate for these changes. 
In conclusion the feasibility of utilizing thin film oxygen partial 
pressure sensors of the galvano-diffusion and conductance modulation 
types have been demonstrated. The use of gold films is concluded to 
be the most attractive sensor. 
I . 
*' 
1 .  
I 
6 .  RECOMMENDATIONS 
This study has been concerned primarily with determining the  feas i -  
b i l i t y  of using t h i n  f i lm devices as oxygen p a r t i a l  pressure sensors. 
A la rge  number of  mater ia l s  have been evaluated as cons t i tuents  i n  these  
t h i n  f i lm oxygen sensors.  
b i l i t y  of both types, galvano-diffusion and conductivity modulation, t h e  
next s t e p  is t o  f u l l y  inves t iga te  each of these  with t h e  most promising 
mater ia l s .  
a s  o ther  gas p a r t i a l  pressure sensors should a l s o  be considered. An 
experimental program i s  suggested i n  which (I) t he  galvano-diffusion 
e f f e c t  s tud ies  a r e  extended t o  s t ruc tures  using organic mater ia ls  as 
d i e l e c t r i c  (mylar f o r  example), (2) gold and t i tanium conduct ivi ty  
modulated sensors a r e  c r i t i c a l l y  evaluated and (3) the  f e a s i b i l i t y  of 
I n  order t o  determine the p rac t i ca l  applica- 
The p o s s i b i l i t y  of fabricat ing th in  f i lm nitrogen a s  w e l l  
u t i l i z i n g  th in  fi lms 'in sensors of  gases other  than oxygen is  inves t i -  
gated. 
6 . 1  Conductivity Modulated Sensors 
Sensors of the  conductivity modulated type should be fabr ica ted  
and evaluated. I n  pa r t i cu la r  the e f f ec t s  of  f i lm  thickness, temperature, 
nitrogen, argon, helium, carbon-dioxide and water vapor should be deter-  
mined and t h e  long term s t a b i l i t y  investigated.  It i s  expected ' that  
t h i s  phase of t he  program be a major p a r t  o f  t h e  t o t a l  program. 
6 . 2  Galvano-Dif fusion Sensors 
 SOL.^- organic mater ia ls  such as mylar a r e  very good e l ec t ron ic  
in su la to r s  and a t  t he  same time exhib i t  i on ic  conductivity.  Since these  
. 
4 
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mater ia l s  cannot be e a s i l y  evaporated, t h i n  shee ts  should be used with 
8 vacuum evaporated metal e lec t rodes .  Emphasis should be put on reducing 
the time o f  response and on improving reproducibility. 
6.3 P a r t i a l  Pressure  Gas Sensors Other than Oxygen 
The f e a s i b i l i t y  of sensing other gases by t h i n  film techniques 
should be investigated.  
P a r t i c u l a r  a t t e n t i o n  should be given t o  t h e  p o s s i b i l i t y  of sensing 
n i t rogen  with t i tanium films. 
u t i l i z e  as much i n f o r m t i o n  as possible from t h e  o the r  two phases. 
This should include N2, A r ,  He, COq and H20. 
This phase of t he  t o t a l  program should 
c 
n 
i 
. 
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